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Open access under the ElTo investigate the consequences of food allergy in adipose tissue and metabolism, we used a murine
model in which mice have been sensitized subcutaneously with ovalbumin and further received anti-
gen-containing diet. Allergic mice presented a signiﬁcant weight loss 7 days after oral challenge with a
concomitant decrease in epididymal adipose tissue mass. This decrease was associated with increased
lipolysis and local inﬂammation. In adipose tissue of allergic mice there were increased leukocyte rolling
and adhesion in the microvasculature, increased number of leukocytes in the tissue, especially macro-
phages (F4/80+ cells) and increased pro-inﬂammatory cytokines levels, including TNF-a, IL-6 and CCL2.
In addition, we observed low serum concentrations of triglyceride, glucose, total cholesterol and free fatty
acids in the allergic mice. Our results suggest that the induction of food allergy in mice leads to adipose
tissue inﬂammation and systemic metabolic alterations that contribute to the weight loss observed.
 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction There is a growing body of evidence that the prevalence of sen-Food allergy is deﬁned as an adverse immunological response
(hypersensitivity) to food proteins. The normal immune response
to dietary proteins is associated with the induction of oral toler-
ance, which involves a modiﬁcation of the antigen in the lumen
by gastrointestinal enzymes, the posterior contact with speciﬁc
antigen-presenting cells with distinct activation requirements,
and activation of regulatory T cells. It is well accepted that a break-
down in oral tolerance mechanism or a failure of induction of oral
tolerance results in food allergy [1]. Food antigen induced allergic
immune responses are generally characterized by the production
of T-helper type 2 (Th2) cytokines, an increase in IgE antibody lev-
els and inﬁltration of eosinophils and/or mast cells into the intes-
tinal tract. Immunoglobulin E (IgE)-mediated food allergy (type I
food allergy) accounts for the majority of food allergic reactions
and the onset of symptoms can occur immediately after the aller-
gen ingestion [2].de Morfologia, Instituto de
rais, Avenida Antônio Carlos,
inas Gerais, Brazil. Fax: +55
).
sevier OA license.sitization to common allergens has increased markedly over the
last half century [3,4] and it is of considerable interest that food
allergy is particularly frequent among children [5]. The main
treatment strategy for most food allergies is based on allergen
avoidance, which may present potential adverse nutritional
deﬁciencies related to inadequate growth, neurological develop-
ment and cardiovascular health [6,7]. The understanding of the
mechanisms involved in allergic inﬂammation may provide useful
insights into disease pathophysiology and aid in the development
of novel therapeutic strategies.
Several experimental murine models have been conducted for
the study of mechanisms involved in food allergy. Also, our group
has developed an experimental model of food allergy in which
ovalbumin (Ova)-sensitized BALB/c mice are given the antigen or-
ally. This model mimics several pathological changes that occur in
patients with food allergy (e.g. increased anti-Ova IgE and IgG1
production, intestinal edema and eosinophil inﬁltration in the jeju-
num). One of the most remarkable systemic alterations observed in
the Ova-sensitized mice is an accentuated weight loss after the
chronic antigen ingestion, which started in the ﬁrst week after
antigen ingestion, maintaining the reduced weight loss for at least
21 days [8]. Although similar signiﬁcant weight reduction has been
observed in other murine models of food allergy, the mechanisms
underlying the weight loss deserve further investigation [9,10].
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ergy expenditure, which is mainly regulated by a balance between
carbohydrate and lipid metabolic pathways. Fatty acids (FAs),
stored in adipose tissue as triacylglycerols (TAGs), are important li-
pid fuel reserves [11] that are dependent on the availability and
uptake of exogenous nonesteriﬁed fatty acids. FAs are released to
metabolism from plasma lipoproteins by lipoprotein lipase (LPL)
or by de novo synthesis (lipogenesis), which uses glucose as the
main substrate [12]. The amount of FAs released to the blood
stream from stored TAG is mainly dependent on the rate of lipoly-
sis, mediated by hormone-sensitive lipase [13,11].
Body weight reduction may be observed in various chronic dis-
eases (e.g. cancer, arthritis and inﬂammatory bowel disease) [14–
16]. The excessive body weight loss observed in these conditions
may be related to increased energy demand required for such exu-
berant inﬂammatory response, which prioritize substrates to gen-
erate energy for cells involved in inﬂammation. This process
especially involves the mobilization of lipids stored in the adipose
tissue [17,18].
The aim of this study was to evaluate if the inﬂammatory pro-
cess induced by experimental food allergy in mice may have met-
abolic consequences that contribute to the signiﬁcant weight loss.
2. Materials and methods
2.1. Animals
Male BALB/c mice at 6 weeks of age were obtained from our ani-
mal facility (ICB/UFMG). All mice have received standard (Purina,
Belo Horizonte, MG, Brazil) mouse chow until the antigen chal-
lenge. The investigations were in accordance with the Ethical Prin-
ciples in Animal Experimentation, adopted by the Ethics
Committee in Animal Experimentation of our Institution (CETEA/
UFMG).
2.2. Mice sensitization
The control group received 0.2 ml saline (0.9%) with adjuvant
[1 mg Al(OH)3] on day 0 and saline on day 14. The allergic group
received 0.2 ml saline (0.9%) with adjuvant and 10 lg Ova (ﬁve
times crystallized hen’s egg albumin; Sigma, St. Louis, MO, USA)
on day 0 and saline with 10 lg soluble Ova on day 14. All injections
were performed subcutaneously. Seven days after the secondary
sensitization (day 21), the standard chow was replaced with 14%
Ova containing diet for a period of 1 week (day 21 until 28). This
diet was prepared using a lyophilized egg white (Salto’s, Belo Hor-
izonte, MG, Brazil) and nutrient contents were the same speciﬁed
for AIN-93G [19].
2.3. Evaluation of the animals and tissue collection
Body weight was determined once a week throughout the
4 weeks. Food consumption was assessed daily by weighting the
remaining chow, in the cage of six mice, and comparing its weight
with the previous day. Data was reported as percentage of diet
consumption (allergic group/control group), considering diet con-
sumption by control group as 100%.
By using disease activity index (DAI) score [20], the body weight
and stool were scored every day after antigen challenge (day 0–7
post challenge) as follows: body weight score (zero – no weight
loss; one – 1–5% weight loss; two – 6–10% weight loss; three –
11–15% weight loss; four – above 15% weight loss); stool viscosity
(zero – normal; two – ﬂuffy; four – diarrhea); stool hemorrhage
(zero – normal; two – apparent hemorrhage).
After 7 days of continuous antigen challenge, mice were anes-
thetized with 10 mg/kg xylazine and 100 mg/kg ketamine hydro-chloride – intraperitoneal (i.p.) and serum samples were obtained
from all groups. Later, under deep anaesthesia, mice were eutha-
nized, and the epididymal fat and the muscle gastrocnemius were
collected and weighted. The weight of these tissues was correlated
to body weight. Epididymal fat fragments were immediately frozen
in liquid nitrogen and stored at 80C and or ﬁxed in 10% neutral
formalin for posterior analysis.
2.4. Serum anti-Ova IgE evaluation
Anti-Ova IgE was measured by capture-ELISA using plates
coated with rat anti-mouse IgE, 50 ll of serum and biotinylated
Ova, as previously described [21]. The results for both antibodies
are reported in arbitrary units using a positive reference serum
(1000 A.U).
2.5. Histological evaluation of epididymal adipose tissue
Epididymal fat pads from allergic and control mice were ﬁxed in
10% neutral formalin for 24 h, dehydrated in absolute ethanol,
cleared in xylene and then embedded in parafﬁn. The histological
sections (5 lm) sections were stained with Harris haematoxylin
counterstained with eosin, and then evaluated by light microscopy.
Sections were analyzed by using a microscope (Olympus BX41)
equipped with a digital camera (Moticam 2500) for quantiﬁcation
of adipocyte size. The cell area was measured in 50 adipocytes per
animal, using the Image J software.
To evaluate the number of mast cells, epididymal fat pads were
ﬁxed in Carnoy for 1 h, dehydrated in absolute ethanol, cleared in
xylene and then embedded in parafﬁn. The histological sections
(7 lm) were stained with Toluidine blue and evaluated by light
microscopy. Ten sequential images (40 objective, 0.2 mm2) were
analyzed to assess mast cell number. Data were reported as num-
ber of mast cells/ﬁeld.
2.6. Intravital microscopy visualization of epididymal adipose tissue
microvasculature
Intravital microscopy was performed in the epididymal adipose
tissue microcirculation. Brieﬂy, mice were anesthetized with
10 mg/kg xylazine and 100 mg/kg ketamine hydrochloride i.p.
The right jugular vein was cannulated and rhodamine 6G (Sigma,
St. Louis, MO, USA) was injected intravenous (i.v.; 0.15 mg/kg) to
visualize the leukocyte – endothelial cell interactions. Rhodamine
epi-illumination was achieved with 150 W variable HBO mercury
lamp in conjunction with a Zeiss ﬁlter set 15 (546/12 nm band –
pass ﬁlter, 580 nm Fourier transforms, 590 nm late potentials;
Zeiss, Wetzlar, Germany). The microscopic images were captured
using a Nikon eclipse 50i (Nikon Instruments Inc., Japan) micro-
scope (20 objective) with a video camera (5100 HS; Panasonic,
Secaucus, NJ) and recorded digitally using both ﬁlters blocks con-
secutively. Data analysis was performed off-line.
Rolling leukocytes were deﬁned as those cells moving slower
than the cells at a regular ﬂux in a given vessel. The ﬂux of rolling
cells was measured as the number of rolling cells passing by a gi-
ven point in the venule per minute, with results expressed as cells/
minute. A leukocyte was considered to be adherent if it remained
stationary for at least 30 s, and total leukocyte adhesion was quan-
tiﬁed as the number of adherent cells within a 100 lm length of
venule, with results expressed as cells/100 lm.
2.7. Adipocyte isolation
Adipocytes were isolated from epididymal fat pads as previ-
ously described [22]. Brieﬂy, digestion was carried out at 37 C,
with constant shaking for 45 min. Cells were ﬁltered through nylon
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137 NaCl, 5 KCl, 4.2 NaHCO3, 1.3 CaCl2, 0.5 MgCl2, 0.5 KH2PO4, 20
HEPES (pH 7.4), and 1% BSA.
2.8. Analysis of adipose tissue derived stromal vascular cells by ﬂow
cytometry
Epididymal fat from mice was digested as described above. Adi-
pose tissue derived stromal vascular cells were washed with
DMEM supplemented with 10% FCS, counted, and 106 cells/group
were labeled with F4/80-PE, CD11b-PerCP, CD11c-FITC, CD3-Cy5,
CD4-PE, CD8b-PE or their respective isotype control (BD Biosci-
ences), and analyzed with a FACScan. Flow analyses were com-
pleted after 30,000 detected events.
2.9. Adipose tissue cytokine and chemokine measurement
Epididymal adipose tissue extracts were obtained during the
necropsy and were stored on ice. Thereafter, using Ultra-Turrax,
the tissue was homogenized in extraction solution (100 mg of tis-
sue per 1 ml) containing 0.4 M NaCl, 0.05% Tween 20, 0.5% BSA,
0.1 mM phenylmetilsulfonil ﬂuoride, 0.1 mM benzetonio chloride,Fig. 1. Allergic mice lose body weight and epididymal adipose tissue mass. After 7 days o
anti-Ova IgE measurement by ELISA (A). Body weight was assessed weekly (B) throu
epididymal fat (D) and gastrocnemius muscle (E) were collected, weighted and correlated
(day 21–28) and the data was reported as percentage of diet consumption (allergic group/
food consumption, are reported as means ± SEM for six mice in each group. ⁄P < 0.05 co10 mM EDTA and 20 KIU aprotinin. The adipose tissue homogenate
was spun at 10000g for 10 min at 4 C and the supernatants were
stored at 70 C. The levels of TNF-a, IL-6, IL-10 and CCL-2 were
measured by ELISA in supernatants of epididymal adipose tissue,
at 1:3 dilution in PBS containing 1% BSA, using commercially avail-
able antibodies and according to the procedures supplied by the
manufacturer (R&D Systems, Minneapolis, MN, USA).
2.10. Lipolysis measurements
Lipolysis was measured by following the rate of glycerol release,
as previously described [23]. After an initial wash, adipocytes were
incubated at 37 C in a water bath for 60 min in the presence or ab-
sence of isoproterenol (ISO, 0.1 lmol/L). At the end of incubation
period, and aliquot of the infranatant was removed for enzymatic
determination of glycerol released into the incubation medium
(LABTEST, Lagoa Santa, MG, Brazil).
2.11. Serum analysis
Serum triglyceride, total cholesterol and glucose were assayed
by conventional enzymatic methods using kits (KATAL, Belof ingestion of the ovalbumin (Ova) containing diet (day 28), serum was collected for
ghout the experiment. Disease activity index (DAI) was score on day 28 (C). The
to body weight. Food intake was assessed every day during the antigenic challenge
control), considering diet consumption by control group as 100% (F). All data, except
mpared to control group. (Student t-test).
L.P.A. Dourado et al. / Cellular Immunology 270 (2011) 198–206 201Horizonte, MG, Brazil). Free fatty acid (FFAs) were estimated using
commercial kit from Wako (Pure Chemical Industries, Japan).
2.12. Statistical analysis
Data were analyzed statistically by one-way analysis of vari-
ance (ANOVA – Tukey) or by the Student t-test when appropriate.
The level of signiﬁcance was set at P < 0.05.
3. Results
3.1. Food allergy leads to the loss of body weight and decreased fat
mass in mice
The allergic group showed signiﬁcant increase of serum anti-
Ova IgE antibodies compared with the control group (Fig. 1A).
Allergic but not control mice lost approximately 16% of their body
weight after 7 days of Ova oral challenge (Fig. 1B). The stools ofFig. 2. Epididymal adipose tissue of allergic mice have decreased adipocyte area and
containing diet, epididymal adipose tissue was collected for histological analysis. The are
sections (A, C and D) and the number of mast cells was evaluated in ten consecutives ﬁ
epididymal adipose tissue from control mice. D and F: illustrative pictures of epididyma
means ± SEM for six mice in each group. ⁄P < 0.05 compared to control group. ⁄⁄P < 0.05allergic mice were ﬂuffy after 3 days and diarrhea was found after
6 days of antigen ingestion, although no hemorrhage was apparent.
DAI scores of body weight and stools were signiﬁcantly increased
compared with control group on day 7 after antigen challenge
(Fig. 1C). We have also observed marked reduction of epididymal
adipose tissue mass in the allergic mice (Fig. 1D), while the gas-
trocnemius muscle weight remained unchanged (Fig. 1E). After
3 days of continuous challenge, allergic mice displayed 18% de-
crease in Ova diet consumption comparing to the control group
(Fig. 1F).
3.2. Epididymal adipose tissue from allergic mice has decreased
adipocyte area and increased inﬁltration of macrophages and mast
cells
Morphometric analysis has revealed that the adipocyte size,
determined as cell area (Fig. 2A), was strongly reduced in allergic
mice (Fig. 2D), when compared to controls (Fig. 2C). Furthermore,increased number of mast cells. After 7 days of ingestion of the ovalbumin (Ova)
a of ﬁfty adipocytes from each animal was measured in hematoxylin–eosin stained
elds of Toluidine blue stained sections (B, E and F). C and E: illustrative pictures of
l adipose tissue from allergic mice. Arrows indicate mast cell. Data are reported as
compared to allergic basal group (Student t-test/ANOVA – Tukey).
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inﬂammatory cells inﬁltration, characterized by lymphocytes and
predominantly macrophages (Fig. 2D). In addition, the number of
mast cells (Fig. 2B) inﬁltrating the epididymal adipose tissue from
allergic mice (Fig. 2F) was higher than the observed in controls
(Fig. 2E).3.3. Leukocyte rolling and adhesion are increased in the epididymal
adipose tissue of allergic mice
Epididymal adipose tissue microcirculation was visualized by
intravital microscopy to investigate whether inﬂammatory cells
were being recruited frommicrocirculation rather then a local pro-
liferation. In control mice, few adhered and rolling leukocytes are
seen in venular microcirculation (Sup. material video 1). However,
a signiﬁcant increase in both rolling and adhered leukocytes was
observed in allergic mice (Sup. material video 2), as shown in
Fig. 3A and B.3.4. Epididymal adipose tissue from allergic mice exhibits high
frequency of macrophages amongst stromal cells
In order to characterize the leukocyte inﬁltrating population in
adipose tissue of allergic mice, we performed ﬂow cytometry anal-
ysis. The number of total leukocytes in the stroma was increased in
adipose tissue of allergic mice (Fig. 4A) with a higher percentage of
macrophages in comparison to controls. Although there were more
leukocytes in allergic adipose tissue, the proﬁle of macrophages
(M1 or M2) and lymphocytes was equivalent to control group
(Fig. 4B and C). Furthermore, the activation status of lymphocytes
was similar in both groups, as assessed by the CD69 expression
(data not shown).3.5. Alterations in adipose tissue from allergic mice are associated with
increased levels of TNF-a, IL-6 and CCL2
TNF-a, IL-6 and CCL2 levels were determined to evaluate
whether adipose tissue derived cytokines and chemokines were in-
volved in the alterations induced in the epididymal fat of allergic
mice. We found increased production of all the cytokines or che-
mokine investigated in the epididymal adipose tissue of allergic
mice when compared to control mice (Fig. 5A, B and C).Fig. 3. Leukocyte rolling and adhesion are increased in the epididymal adipose tissue m
containing diet, the leukocyte rolling (A) and adhesion (B) to the microvasculature of epi
means ± SEM for three mice in each group. ⁄P < 0.05 compared to control group. (Studen3.6. Epididymal adipose tissue from allergic mice shows increased
lipolytic activity
Adipocytes were incubated in basal or ISO-stimulated condi-
tions to determine the effect on lipolysis of the antigen ingestion
in sensitized mice. The adipocytes from allergic mice showed an
increased basal lipolysis relative to control. The presence of ISO
produced a signiﬁcant increase in lipolytic rate in both groups
(Fig. 5D).3.7. Triglyceride, glucose, free fatty acid and total cholesterol are
decreased in the serum of allergic mice
Fasting serum triglyceride (Fig. 6A), free fatty acid (Fig. 6B), total
cholesterol (Fig. 6C) and glucose levels (Fig. 6D) were signiﬁcantly
decreased in allergic mice after the antigen ingestion when com-
pared with the control animals. Blood glucose levels also had a sig-
niﬁcant reduction (approximately 12%) in allergic animals (data
not shown).4. Discussion
In the present work, we used an experimental model of food al-
lergy in which Ova-sensitized mice were chronically fed with anti-
gen [8]. Our results showed that the allergic mice demonstrated an
accentuated weight loss during antigen ingestion. Moreover, these
mice showed a signiﬁcant reduction in epididymal adipose tissue
mass, metabolic changes and an exuberant adipose tissue inﬂam-
matory process.
Changes in body weight reﬂect the energy homeostasis by inte-
grating the intake of nutrients with an effective utilization of in-
gested calories, either by storage or by expenditure as cellular
fuel. In our model, we observed a tenuous decrease in food intake
in allergic group compared to control, which is related to an immu-
nological food aversion [24,25]. On the other hand, we have previ-
ously shown that if the antigen is in a liquid source instead of in
the chow, the food consumption is equivalent to control group
and 20% of weight loss is still observed in allergic mice [8]. In
agreement with this data, it has been shown that 60% restriction
in food intake during 7 days was necessary to induce 18% body
weight loss in mice [26]. Also, in another study, in which the body
weight fat was measured, it was shown that mice held on 30% of
diet restriction decreased 15% of their body weight fat [27]. In this
sense, 18% reduction in food consumption could not itself explain
the decreased body weight (16%) and decreased epididymal faticrovasculature of allergic mice. After 7 days of ingestion of the ovalbumin (Ova)
didymal adipose tissue were assayed by intravital microscopy. Data are reported as
t t-test).
Fig. 4. Epididymal adipose tissue of allergic mice exhibits increased frequency of
macrophages. After 7 days of ingestion of the ovalbumin (Ova) containing diet, the
stromal vascular cells from epididymal adipose tissue was collected and the total
leukocytes were counted (A). Flow cytometric analysis were performed to inves-
tigate the frequency of macrophages (F4/80+), M1 macrophages (F4/
80+CD11b+CD11c+), M2 macrophages (F4/80+CD11b+CD11c-), CD3+ cells, CD4+ T
cells and CD8+ T cells in stromal vascular fraction. Numbers on the graph indicate
the percentage of cells among gated cells (B and C). Data are reported as
means ± SEM for ﬁve mice in each group. ⁄P < 0.05 compared to control group.
(ANOVA – Tukey).
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contribute to weight loss is the diarrhea, which is characterized by
imbalanced ion exchange and water transfer [28]. Although this
sign is not accompanied by dehydration in this model [8], diarrhea
may impair nutrient absorption and contribute to weight loss.
In addition to the presence of food aversion and diarrhea, we
investigated if an inﬂammatory response could be associated withthe weight loss, as energy redistribution and particularly the lipids
mobilization may occur to redistribute nutrients to the cells in-
volved in the inﬂammatory response [15,17,18,29]. Histology anal-
ysis revealed an increased number of mast cells in epididymal
adipose tissue of allergic mice. As there are higher levels of circu-
lating anti-Ova speciﬁc IgE, we suggest that adipose tissue mast
cells can be sensitized with anti-Ova IgE through FceRI receptors.
Ova can be partly transported on chylomicrons, which are promi-
nently cleared in adipose tissue [30], and when in contact with
sensitized mast cells, can induce degranulation and release of var-
ious pro-inﬂammatory mediators, including TNF-a, IL-1 and IL-6
[31,32]. According to this possible mechanism, we have shown in-
creased TNF-a and IL-6 levels in the epididymal adipose tissue
from allergic mice which may induce and exacerbate the local
inﬂammation. As TNF-a up-regulates endothelial adhesion mole-
cules allowing leukocytes recruitment to sites of inﬂammation
[33], we hypothesized that a higher production of TNF-a seen in
the adipose tissue from allergic mice contributes to increased leu-
kocyte migration to adipose tissue. The production of TNF-a and
IL-6 by adipocytes and stromal cells can be up-regulated and con-
tribute to the pro-inﬂammatory milieu in the adipose tissue [34]
and this may explain the increased leukocyte rolling, adhesion
and emigration observed in adipose tissue during food allergy.
In addition to increased mast cell numbers, macrophage emi-
gration was also higher in allergic mice, which was conﬁrmed by
ﬂow cytometry analysis (F4/80+ cells) [35]. The concomitant pres-
ence of mast cells and macrophages in adipose tissue has previ-
ously been described, and depletion of mast cells resulted in
reduced adipose tissue macrophage content, suggesting that mast
cells may be involved in adipose tissue macrophage (ATM) recruit-
ment [36].
ATMs exhibit an M1–M2 polarization state in which M1 macro-
phages are deﬁned as classically activated, pro-inﬂammatory cells,
while M2 macrophages comprise an alternatively activated, anti-
inﬂammatory population [37]. Although a higher number of
macrophages were found in allergic adipose tissue, further ﬂow
cytometry analysis of macrophage polarization have not shown
any differences between allergic and control group. In this sense,
it is reasonable to suggest that in despite of a maintained M1/M2
proportion, a probably relevant M1 population is expected in aller-
gic mice, as a clear pro-inﬂammatory proﬁle is observed during
food allergy, or, regulatory mechanisms can be involved to control
this observed adipose tissue inﬂammation.
The increase in macrophage inﬁltration in adipose tissue of
allergic mice was associated with higher local levels of the chemo-
kine CCL2. These ﬁndings are in agreement with previous studies,
which have established that a higher expression of CCL2 in adipose
tissue may result in increased macrophage recruitment [38,39]. In
this sense, emigrated macrophages represent a prominent source
of inﬂammatory mediators in adipose tissue [37,40] that can both
initiate and maintain the inﬂammatory milieu during allergy.
Previous in vitro data from co-culture system using adipocytes
and macrophages demonstrated that a paracrine loop involving
saturated fatty acids and TNF-a derived, respectively, from adipo-
cytes and macrophages, establishes a vicious cycle that causes
inﬂammatory changes that lead to up-regulation of pro inﬂam-
matory adipocytokines including CCL2, TNF-a and IL-6. TNF-a,
which is derived mostly from inﬁltrated macrophages, induces
adipocyte lipolysis and such released saturated fatty acids acti-
vate macrophages via Toll like receptor 4, increasing adipose tis-
sue inﬂammation [41]. Interestingly, recombinant TNF-a
administration in human subjects can promote 40% increase in
whole body lipolysis [42].
Related weight loss diseases are frequently associated to ele-
vated IL-6 levels. For example, body weight loss in mice with acute
colitis was associated with higher serum levels of IL-6. IL-6 may
Fig. 5. Epididymal adipose tissue of allergic mice have elevated TNF-a, IL-6 and CCL2 levels and increased lipolysis. After 7 days of ingestion of the ovalbumin (Ova)
containing diet, the epididymal adipose tissue was collected and assayed for TNF-a (A), IL-6 (B) and CCL2 (C) levels by ELISA. The glycerol release by isolated epididymal
adipocytes were measured in the absence (basal) and presence of isoproterenol (D). Data are reported as means ± SEM for six mice in each group. ⁄P < 0.05 compared to
control group. (Student t-test for the ELISA experiments; ANOVA – Tukey for the lipolysis experiments).
Fig. 6. Serum of allergic mice have decreased triglyceride, free fatty acid, total cholesterol and glucose levels. After 7 days of ingestion of the ovalbumin (Ova) containing diet,
the serum was collected and the concentrations of triglyceride (A), free fatty acid (B), total cholesterol (C) and glucose (D) were measured in overnight fasted mice. Data are
reported as means ± SEM for six mice in each group. ⁄P < 0.05 compared to control group. (Student t-test).
204 L.P.A. Dourado et al. / Cellular Immunology 270 (2011) 198–206have a paracrine action in adipose tissue [29], since IL-6 levels in
the human adipose tissue was 100-fold higher than that in serum
[43]. In our study, we have shown that increased levels of IL-6 were
found in epididymal adipose tissue from allergic mice, whichcorroborated the lipolytic action with weight-reducing properties
of this cytokine [44]. Also, fully differentiated 3T3-L1 adipocytes
have increased lipolysis after IL-6 treatment [45]. Therefore, it is
very reasonable that both TNF-a and IL-6 can contribute to the
L.P.A. Dourado et al. / Cellular Immunology 270 (2011) 198–206 205increased basal lipolytic activity seen in adipose tissue from aller-
gic mice in our study. We have also demonstrated that the adipo-
cyte area is decreased in the epididymal adipose tissue from
allergic mice. Adipocyte atrophy may be attributable to a decrease
in lipid deposition or an increase in the lipolysis rate [46]. We can
infer that the increased lipolysis contributes to the reduced adipo-
cyte size in allergic mice.
In summary, the inﬂammatory process induced by food allergy
probably is associated with metabolic changes, increased lipolysis
activity, reduction in the adipose tissue mass and decreased adipo-
cyte size. Together, these alterations resulted in a signiﬁcant body
weight loss after antigen ingestion by allergic mice. In this sense,
our study provides important contribution about the mechanisms
involved in the body weight loss in animal models of food allergy
and suggests an interplay between immune system and systemic
metabolism.
Acknowledgments
We are grateful to Conselho Nacional de Desenvolvimento
Cientíﬁco e Tecnológico (CNPq/Brazil) and Fundação de Amparo a
Pesquisa do Estado de Minas Gerais (FAPEMIG/Brazil) for ﬁnancial
support. Some of the authors are also recipients of CNPq research
fellowships (D.C.C., D.G.S., G.B.M and L.P.A.D.).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.cellimm.2011.05.008.
References
[1] M. Chehade, L. Mayer, Oral tolerance and its relation to food hypersensitivities,
J. Allergy Clin. Immunol. 115 (2005) 3–12.
[2] J. Wang, H.A. Sampson, Food allergy: recent advances in pathophysiology and
treatment, Allergy Asthma Immunol. Res. 1 (2009) 19–29.
[3] S. Cochrane, K. Beyer, M. Clausen, M. Wjst, R. Hiller, C. Nicoletti, Z. Szepfalusi,
H. Savelkoul, H. Breiteneder, Y. Manios, R. Crittenden, P. Burney, Factors
inﬂuencing the incidence and prevalence of food allergy, Allergy 64 (2009)
1246–1255.
[4] D. Jarvis, C. Luczynska, S. Chinn, J. Potts, J. Sunyer, C. Janson, C. Svanes, N.
Künzli, B. Leynaert, J. Heinrich, M. Kerkhof, U. Ackermann-Liebrich, J.M. Antó, I.
Cerveri, R. deMarco, T. Gislason, F. Neukirch, P. Vermeire, M. Wjst, P. Burney,
Change in prevalence of IgE sensitization and mean total IgE with age and
cohort, J. Allergy Clin. Immunol. 116 (2005) 675–682.
[5] L. Christie, R.J. Hine, J.G. Parker, W. Burks, Food allergies in children affect
nutrient intake and growth, J. Am. Diet. Assoc. 102 (2002) 1648–1651.
[6] D. Atkins, Food allergy: diagnosis and management, Prim. Care 35 (2008) 119–
140.
[7] L. Aldamiz-Echevarria, A. Bilbao, F. Andrade, J. Elorz, J.A. Prieto, J. Rodriguez-
Soriano, Fatty acid deﬁciency proﬁle in children with food allergy managed
with elimination diets, Acta Paediatr. 97 (2008) 1572–1576.
[8] J.C. Saldanha, D.L. Gargiulo, S.S. Silva, F.H. Carmo-Pinto, M.C. Andrade, J.I.
Alvarez-Leite, M.M. Teixeira, D.C. Cara, A model of chronic IgE-mediated food
allergy in ovalbumin-sensitized mice, Braz. J. Med. Biol. Res. 37 (2004) 809–
816.
[9] C.R. Cardoso, G. Teixeira, P.R. Provinciatto, D.F. Godoi, B.R. Ferreira, C.M.
Milanezi, D.B. Ferraz, M.A. Rossi, F.Q. Cunha, J.S. Silva, Modulation of mucosal
immunity in a murine model of food-induced intestinal inﬂammation, Clin.
Exp. Allergy 38 (2008) 338–349.
[10] H. Nakajima-Adachi, A. Ebihara, A. Kikuchi, T. Ishida, K. Sasaki, K. Hirano, H.
Watanabe, K. Asai, Y. Takahashi, Y. Kanamori, N. Shimojo, H. Matsuda, Y.
Kohno, S. Hachimura, S. Kaminogawa, Food antigen causes TH2-dependent
enteropathy followed by tissue repair in T-cell receptor transgenic mice, J.
Allergy Clin. Immunol. 117 (2006) 1125–1132.
[11] M.J. Tisdale, Mechanisms of cancer cachexia, Phys. Rev. 89 (2009) 381–410.
[12] A. Cryer, S.E. Riley, E.R. Williams, D.S. Robinson, Effect of nutritional status on
rat adipose tissue, muscle and post-heparin plasma clearing factor lipase
activities: their relationship to triglyceride fatty acid uptake by fat-cells and to
plasma insulin concentrations, Clin. Sci. Mol. Med. 50 (1976) 213–221.
[13] R.N. Redinger, Fat storage and the biology of energy expenditure, Transl. Res.
154 (2009) 52–60.
[14] A. Saini, N. Al-Shanti, C.E. Stewart, Waste management – cytokines, growth
factors and cachexia, Cytok. Growth Fact. Rev. 17 (2006) 475–486.
[15] M. Granado, A. Martin, E. Castillero, A. Lopez-Calderon, M.A. Villanua,
Cyclooxygenase-2 inhibition reverts the decrease in adiponectin levels andattenuates the loss of white adipose tissue during chronic inﬂammation, Eur. J.
Pharmacol. 608 (2009) 97–103.
[16] R. Shamir, Nutritional aspects in inﬂammatory bowel disease, J. Pediatr.
Gastroenterol. Nutr. 48 (Suppl. 2) (2009) S86–88.
[17] K.E. Wellen, G.S. Hotamisligil, Inﬂammation, stress, and diabetes, J. Clin. Invest.
115 (2005) 1111–1119.
[18] E. Esteve, W. Ricart, J.M. Fernandez-Real, Dyslipidemia and inﬂammation: an
evolutionary conserved mechanism, Clin. Nutr. 24 (2005) 16–31.
[19] P.G. Reeves, K.L. Rossow, J. Lindlauf, Development and testing of the AIN-93
puriﬁed diets for rodents: results on growth, kidney calciﬁcation and bone
mineralization in rats and mice, J. Nutr. 123 (1993) 1923–1931.
[20] W.G. Yu, P. Lin, H. Pan, L. Xiao, E.C. Gong, L. Mei, Pathophysiological
signiﬁcance of a reaction in mouse gastrointestinal tract associated with
delayed-type hypersensitivity, World J. Gastroenterol. 10 (2004) 2254–2258.
[21] M. Russo, M.A. Nahori, J. Lefort, E. Gomes, A. de Castro Keller, D. Rodriguez, O.G.
Ribeiro, S. Adriouch, V. Gallois, A.M. de Faria, B.B. Vargaftig, Suppression of
asthma-like responses in different mouse strains by oral tolerance, Am. J.
Respir. Cell Mol. Biol. 24 (2001) 518–526.
[22] M. Rodbell, Metabolism of isolated fat cells. I. Effects of hormones on glucose
metabolism and lipolysis, J. Biol. Chem. 239 (1964) 375–380.
[23] S. Gasic, A. Green, Gi down-regulation and heterologous desensitization in
adipocytes after treatment with the alpha 2-agonist UK 14304, Biochem.
Pharmacol. 49 (1995) 785–790.
[24] D.C. Cara, A.A. Conde, N.M. Vaz, Immunological induction of ﬂavor aversion in
mice, Braz. J. Med. Biol. Res. 27 (1994) 1331–1341.
[25] L.P. Dourado, J.C. Saldanha, D.L. Gargiulo, M.L. Noviello, C.C. Brant, M.L. Reis,
R.M. Souza, A.M. Faria, D.G. Souza, D.C. Cara, Role of Il-4 in aversion induced by
food allergy in mice, Cell Immunol. 262 (2010) 62–68.
[26] Y. Avraham, O. Bonne, E.M. Berry, Behavioral and neurochemical alterations
caused by diet restriction – the effect of tyrosine administration in mice, Brain
Res. 732 (1996) 133–144.
[27] A. Kosteli, E. Sugaru, G. Haemmerle, J.F. Martin, J. Lei, R. Zechner, A.W. Ferrante
Jr., Weight loss and lipolysis promote a dynamic immune response in murine
adipose tissue, J. Clin. Invest. 120 (2010) 3466–3479.
[28] T. Yamamoto, H. Kuramoto, M. Kadowaki, Downregulation in aquaporin 4 and
aquaporin 8 expression of the colon associated with the induction of allergic
diarrhea in a mouse model of food allergy, Life Sci. 81 (2007) 115–120.
[29] S. Melgar, M. Bjursell, A.K. Gerdin, L. Svensson, E. Michaelsson, Y.M. Bohlooly,
Mice with experimental colitis show an altered metabolism with decreased
metabolic rate, Am. J. Physiol. 292 (2007) 165–172.
[30] Y. Wang, J. Li, L. Tang, Y. Wang, R. Charnigo, W. Villiers, E. Eckhardt, T-
Lymphocyte responses to intestinally absorved antigens can contribute to
adipose tissue inﬂammation and glucose intolerance during high fat feeding,
PLoS One 5 (2010) e13951.
[31] M.C. Berin, L. Mayer, Immunophysiology of experimental food allergy, Mucosal
Immunol. 2 (2009) 24–32.
[32] K.D. Stone, C. Prussin, D.D. Metcalfe, IgE, mast cells, basophils and eosinophils,
J. Allergy Clin. Immunol. 125 (2010) S73–80.
[33] M. Kneilling, R. Mailhammer, L. Hultner, T. Schonberger, K. Fuchs, M. Schaller,
D. Bukala, S. Massberg, C.A. Sander, H. Braumüller, M. Eichner, K.L. Maier, R.
Hallmann, B.J. Pichler, R. Haubner, M. Gawaz, K. Pfeffer, T. Biedermann, M.
Röcken, Direct crosstalk between mast cell-TNF and TNFR1-expressing
endothelia mediates local tissue inﬂammation, Blood 114 (2009) 1696–
1706.
[34] S. Galic, J.S. Oakhill, G.R. Steinberg, Adipose tissue as an endocrine organ, Mol.
Cell. Endocrinol. 316 (2010) 129–139.
[35] G. Charrière, B. Cousin, E. Arnaud, M. André, F. Bacou, L. Penicaud, L. Casteilla,
Preadipocyte conversion to macrophage. Evidence of plasticity, J. Biol. Chem.
278 (2003) 9850–9855.
[36] J. Liu, A. Divoux, J. Sun, J. Zhang, K. Clement, J.N. Glickman, G.K. Sukhova, P.J.
Wolters, J. Du, C.Z. Gorgun, A. Doria, P. Libby, R.S. Blumberg, B.B. Kahn, G.S.
Hotamisligil, G.P. Shi, Genetic deﬁciency and pharmacological stabilization of
mast cells reduce diet-induced obesity and diabetes in mice, Nat. Med. 15
(2009) 940–945.
[37] C.N. Lumeng, J. L Bodzin, A.R. Saltiel, Obesity induces a phenotypic switch in
adipose tissue macrophage polarization, J. Clin. Invest. 117 (2007) 175–184.
[38] H. Kanda, S. Tateya, Y. Tamori, K. Kotani, K. Hiasa, R. Kitazawa, S. Kitazawa, H.
Miyachi, S. Maeda, K. Egashira, M. Kasuga, MCP-1 contributes to macrophage
inﬁltration into adipose tissue, insulin resistance, and hepatic steatosis in
obesity, J. Clin. Invest. 116 (2006) 1494–1505.
[39] N. Kamei, K. Tobe, R. Suzuki, M. Ohsugi, T. Watanabe, N. Kubota, N. Ohtsuka-
Kowatari, K. Kumagai, K. Sakamoto, M. Kobayashi, T. Yamauchi, K. Ueki, Y.
Oishi, S. Nishimura, I. Manabe, H. Hashimoto, Y. Ohnishi, H. Ogata, K.
Tokuyama, M. Tsunoda, T. Ide, K. Murakami, R. Nagai, T. Kadowaki,
Overexpression of monocyte chemoattractant protein-1 in adipose tissues
causes macrophage recruitment and insulin resistance, J. Biol. Chem. 281
(2006) 26602–26614.
[40] T. Suganami, Y. Ogawa, Adipose tissue macrophages: their role in adipose
tissue remodeling, J. Leukoc. Biol. 88 (2010) 33–39.
[41] T. Suganami, J. Nishida, Y. Ogawa, A paracrine loop between adipocytes and
macrophages aggravates inﬂammatory changes: role of free fatty acids and
tumor necrosis factor alpha, Arterioscler. Thromb. Vasc. Biol. 25 (2005) 2062–
2068.
[42] P. Plomgaard, C.P. Fischer, T. Ibfelt, B.K. Pedersen, G. van Hall, Tumor necrosis
factor-alpha modulates human in vivo lipolysis, J. Clin. Endocrinol. Metab. 93
(2008) 543–549.
206 L.P.A. Dourado et al. / Cellular Immunology 270 (2011) 198–206[43] V.R. Sopasakis, M. Sandqvist, B. Gustafson, A. Hammarstedt, M. Schmelz, X.
Yang, P.A. Jansson, U. Smith, High local concentrations and effects on
differentiation implicate interleukin-6 as a paracrine regulator, Obes. Res. 12
(2004) 454–460.
[44] M. Hoene, C. Weigert, The role of interleukin-6 in insulin resistance, body fat
distribution and energy balance, Obes. Rev. 9 (2008) 20–29.[45] E.W. Petersen, A.L. Carey, M. Sacchetti, G.R. Steinberg, S.L. Macaulay, M.A.
Febbraio, B.K. Pedersen, Acute IL-6 treatment increases fatty acid turnover in
elderly humans in vivo and in tissue culture in vitro, Am. J. Physiol. Endocrinol.
Metab. 288 (2005) E155–162.
[46] C. Bing, P. Trayhurn, New insights into adipose tissue atrophy in cancer
cachexia, Proc. Nutr. Soc. 68 (2009) 385–392.
